• Background and Aims Predicting both plant water status and leaf gas exchange under various environmental conditions is essential for anticipating the effects of climate change on plant growth and productivity. This study developed a functional-structural grapevine model which combines a mechanistic understanding of stomatal function and photosynthesis at the leaf level (i.e. extended Farqhuhar-von Caemmerer-Berry model) and the dynamics of water transport from soil to individual leaves (i.e. Tardieu-Davies model).
INTRODUCTION
A comprehensive understanding of plant-water relations is fundamental in characterizing the impact of water status on fruit composition and organoleptic quality, e.g. concentrations of primary and secondary metabolites in grapevine (Vitis vinifera L.). Ecophysiological process-based models are increasingly used in perennial fruit crop research (Génard et al., 2010; Baldazzi et al., 2013) , and are interesting heuristic tools for integrating and exploring the effects of environmental factors on plant and fruit growth (Damour et al., 2010 ). An ecophysiological model that can predict both plant water status and leaf gas exchange under various environmental conditions is essential for anticipating the effects of climate change on fruit yield and composition (Sadras and Soar, 2009; Chew et al., 2014; Tardieu and Parent, 2016) .
Considerable hydro-mechanical modelling efforts have been made to integrate plant water status and leaf gas exchange using stomatal conductance as a key variable (Dewar, 2002; Gao et al., 2002; Tuzet et al., 2003; Buckley et al., 2003) . The model of Dewar (2002) combined the essential features of the Ball-BerryLeuning stomatal model (Ball et al., 1987; Leuning, 1995) and the Tardieu-Davies stomatal model (Tardieu and Davies, 1993 ). In the model of Ball-Berry-Leuning, stomatal conductance (g s ) was calculated based on net photosynthesis (A net ), CO 2 partial pressure and vapour pressure deficit (VPD) at the leaf surface without accounting the effects of water status. By contrast, in the model of Tardieu-Davies, g s was calculated based on leaf water potential (ψ leaf ) and xylem sap abscisic acid concentration ([ABA] xyl ) derived from water stress experiments. Another model proposed by Tuzet et al. (2003) coupled the calculation of stomatal conductance, photosynthesis, leaf energy balance
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and transport of water through the soil-plant-atmosphere continuum. In this model, photosynthesis was calculated using the biochemical photosynthesis model of Farquhar, von Caemmerer and Berry (FvCB module; Farquhar et al., 1980) . To date, Buckley et al. (2003) provides one of the most advanced hydromechanical models of stomatal conductance which integrates the hydropassive (purely physical or hydraulic feedbacks) and hydroactive (guard cell osmotic pressure is actively regulated in proportion to leaf turgor) feedback loops, and a simplified version of this model has been validated against experimental data in various species (Buckley et al., 2012; Rodriguez-Dominguez et al., 2016) . Despite these advances in modelling stomatal conductance, it remains challenging to simultaneously integrate detail gas exchange and water status at the leaf level while scaling to the whole plant, and even field, level.
A functional-structural plant model (FSPM) is a model that describes the 3-D architecture of individual organs, plants and/ or populations, the impact of this architecture on physiological processes at the organ level, and its feedback on the evolution of the 3-D architecture itself (e.g. see Fig. 1 ; Vos et al., 2010) . Models described previously, namely Dewar (2002) , Tuzet et al. (2003) and Buckley et al. (2003) , consider the whole canopy as one big leaf. This assumption is reliable when the canopy is homogenous, e.g. a dense wheat field, but may prove inaccurate for heterogeneous canopies, e.g. a vineyard with a row-structured discontinuous canopy, an orchard or a potted greenhouse plant. FSPMs that integrate plant water status and leaf gas exchange while accounting for the microclimate at the individual organ level and for the heterogeneous radiation conditions within the canopy will help in addressing this limitation.
Several attempts have been made in integrating either an FvCB module Prieto et al., 2012) or water status (Da Silva et al., 2011; Baldazzi et al., 2013) into FSPMs. However, these studies treated the plant as a series of static resistances when many studies have demonstrated that resistances along the water transport pathways vary both in time and with development. For example, Vandeleur et al. (2009) showed that root conductance changes diurnally. Further studies confirmed that root and leaf conductance increased with water flux rates (Gambetta et al., 2012; Simonin et al., 2015; Vandeleur et al., 2014) and decreased with the percentage of xylem embolism (Zufferey et al., 2011; Hochberg et al., 2016; Charrier et al., 2016) . Baert et al. (2015) further showed that a variable soil-to-stem hydraulic resistance was crucial to describe the responses of g s and transpiration to drought.
The objectives of this study were: (1) to develop an FSPM, using grapevine as a model plant, that couples the dynamics of water transport with leaf gas exchange; (2) to analyse the ), VPD 1 kPa. The comparison between simulated canopy leaf temperature and canopy thermal picture (FLIR T450sc, FLIR Systems AB, Frankfurt am Main, Germany) is presented in Fig. S1 . A movie showing the diurnal dynamics of leaf transpiration within a soil drying cycle is presented in Video S1.
responses of stomatal conductance, net photosynthesis, transpiration, and leaf and xylem water potentials under various environmental conditions, e.g. total radiation (R a ), VPD, CO 2 and T a and soil water content; and (3) to simulate the effect of plant hydraulic conductance and stomata sensitivity to water potential and [ABA] xyl on plant water use behaviours.
MATERIALS AND METHODS

Model description
A functional-structural grapevine model (hereafter GrapevineXL) was developed under the 3-D plant modelling platform GroIMP (Hemmerling et al., 2008; Kniemeyer, 2008) . GrapevineXL used greenhouse grapevine fruiting cuttings trained to only one primary shoot axis with a single cluster per plant (Mullins and Rajasekaran, 1981) as model plants (Fig. 1) . The structure of individual leaves, petioles, internodes and berry bunches were described in detail (Fig. 1 ). Root and soil were both treated as one compartment. All objects were connected based on their morphological positions. GrapevineXL simulated hourly leaf photosynthesis, transpiration, stomatal conductance, whole plant root conductance (L r ), individual leaf conductance (k leaf ), xylem water potential (ψ xyl ) and individual leaf water potential, [ABA] xyl , based on environmental conditions, such as CO 2 , radiation, temperature, relative humidity, soil water content and water potential (Fig. 1, Supplementary Data, Fig. S1 ). GrapevineXL included three main parts: (1) an extended-FvCB module which calculated the potential photosynthesis, transpiration, leaf temperature and stomatal conductance at a given atmospheric condition, and updated these variables under water stress with a given stomatal conductance (Yin and Struik, 2009) ; (2) a Tardieu-Davies module which calculated water transport from soil to root surface to xylem and to leaf with an electrical resistance analogy and with variable hydraulic conductance (Tardieu et al., 2015) -the Tardieu-Davies module calculated the water potential of each organ and actual stomatal conductance under the given ambient and soil condition; and (3) a radiation module that simulated light capture by each organ within a heterogeneous environment using a ray tracing method Zhu et al., 2015) . The extended-FvCB module and Tardieu-Davies module were coupled by allowing the former to feed the potential leaf stomatal conductance without the effect of VPD to the Tardieu-Davies module and by allowing the Tardieu-Davies module to pass the actual leaf stomatal conductance and transpiration back to the extended-FvCB module. The effect of VPD on the potential leaf stomatal conductance was removed as it was included in leaf water potential and [ABA] xyl via transpiration in the calculation of the Tardieu-Davies module. Detail summaries of the model algorithms and calculating sequence are presented in Fig. 2 and in the following paragraphs.
Extended-FvCB module: leaf photosynthesis, transpiration and temperature
Hourly leaf photosynthesis, transpiration and temperature during daytime were calculated using the extended-FvCB module (Figs 1 and 2) . The extended-FvCB module developed by Yin and Struik (2009) provided several advanced features: (1) an analytical approach for simultaneously solving A net under various environmental conditions that significantly reduced calculation time; (2) introduction of mesophyll conductance (g m ) for calculating CO 2 partial pressure around the chloroplast (C C ), which was in principle required by the FvCB module and was often assumed to be equal to intercellular CO 2 partial pressure (C i ); and (3) a refined calculation of leaf temperature based on leaf level energy balance. Detailed descriptions of the methodology and all equations have been provided in the supplementary data of Evers et al. (2010) . All parameters used in this paper with their values and units are listed in Table S1 . Essential equations for calculating net photosynthesis, transpiration and leaf temperature are presented in Fig. 2 and in the Supplementary Data, Method S1 eqns (S1)-(S11).
A modification, comparing to the extended-FvCB module, was made in the calculation of the residual stomatal conductance at the light compensation point of net photosynthesis (A net = 0), also known as minimal stomatal conductance ( g 0 ).
As stomatal conductance decreased with the decline of leaf water potential and with the percentage loss of leaf and stem hydraulic conductivity ( f PLC , Zufferey et al., 2011; Nolf et al., 2015; Charrier et al., 2016) , it was assumed that g 0 decreased in proportion to f PLC (eqn 1). f PLC increased exponentially with the decrease in leaf water potential (eqn 2; Hochberg et al., 2016) . A quantitative relationship between f PLC and leaf water potential were derived from Hochberg et al. (2016) , where measurements were obtained in vivo on grapevine through magnetic resonance imaging, a non-invasive method. This assumption does not exclude other plausible relationships between residual stomatal conductance, water potential and abscisic acid (ABA): (Yin and Struik, 2009) . y 50% is the leaf water potential when 50 % of the leaf conductivity is lost (MPa); d is a coefficient that decribes the rate of the loss of conductivity (MPa −1 ); y leaf, hour-1 is the leaf water potential of the previous step. f PLC is updated with y leaf, hour-1 at each step. The refilling of embolism was not considered in this model. Plant water status and leaf gas exchange were coupled in three steps. In the first, potential values of leaf photosynthesis, stomatal conductance, transpiration and leaf temperature were calculated in sequence by the extended-FvCB module based on current ambient conditions without accounting for plant water status. One iteration was used as follows: leaf photosynthesis was first calculated using air temperature instead of leaf temperature; the calculated leaf photosynthesis was then used to find stomatal conductance, which is subsequently used to calculate transpiration and leaf temperature; leaf temperature was then input for the second round of calculation of photosynthesis. In the second step, the potential values of leaf g s and leaf transpiration were input into the Tardieu-Davies module to numerically solve the actual leaf transpiration and actual g s under the given ambient and soil conditions. This numerical method tries to find a plant water flux ( J plant ) that makes the summed leaf transpiration determined by y leaf and [ABA] xyl , which was influenced by J plant (see eqn 3), equal to itself (eqns S11-S24). Finally, the actual leaf transpiration was fed back to Water transport from soil to leaf (Tardieu-Davies module) The Tardieu-Davies module used an electrical resistance analogy for the transport of water from soil to the root surface to xylem and to leaf, and described variable leaf and root hydraulic conductance as a function of transpiration, circadian rhythms and [ABA] xyl (Tardieu and Davies, 1993; Tardieu et al., 2015) . The Tardieu-Davies module was able to simulate five essential physiological variables related to plant water relations: g s , y leaf , y xyl , plant water flux ( J plant ) and [ABA] xyl . Essential equations are presented in Fig. 2 and in the Supplementary Data, Method S2 eqns (S11)-(S24) and Fig. S2 .
In addition to eqn (1), which calculated stomatal conductance based on photosynthesis rate and VPD in the extendedFvCB module, stomatal conductance was calculated via eqn (3) in the Tardieu , eqn S7). The Tardieu-Davies module (Tardieu et al., 2015) , which considers the whole canopy as a single large leaf, was used to calculate leaf conductance, leaf water potential and percentage loss of conductivity on each individual leaf (eqns S21-S24 ) was defined as the conductance from stem to leaf i. In this paper, the hydraulic conductivity of petiole and leaf blade was treated as a whole.
Coupling of water transport and leaf gas exchange
Water transport and leaf gas exchange variables were coupled in three steps. In the first, potential values of leaf photosynthesis, transpiration, temperature and g s were calculated by the extended-FvCB module without taking into account plant water status. In the second step, the potential g s without the effect of VPD and current soil water content were input into the TardieuDavies module to numerically solve for actual leaf transpiration and actual g s under the given ambient and soil conditions. The numerical method tried to find an input plant water flux ( J plant ) that makes the summed leaf transpiration determined by y leaf and
[ABA] xyl (see eqn 3), which were updated based on J plant , equal to the input J plant (Fig. 2 , eqns S11-S24). Finally, the actual stomatal conductance of each individual leaf was fed back to the extendedFvCB module to recalculate leaf temperature. Potential leaf net photosynthesis and stomatal conductance were recalculated under the newly calculated leaf temperature as well. The actual stomatal conductance calculated by the Tardieu-Davies module and newly determined potential stomatal conductance and leaf net photosynthesis were then used to recalculate the actual net photosynthesis with eqn (5) (Yin and van Laar, 2005) : . g r r sw bw t + + represents the total resistance for CO 2 from ambient air to intercellular air space. The value 1.37 is a factor accounting for the faster diffusion of water vapour compared to CO 2 in crossing the boundary layers.
Experimental setups
The data for model calibration were derived from a soil drying cycle experiment conducted in a semi-controlled greenhouse (Peccoux et al., 2018) . Briefly, homografted plants of 'Cabernet Sauvignon' were grown in 7-litre pots and placed on balances (CH15R11 CHAMPII, Obaus GmbH, Nänikon, Switzerland) with automatic recording of pot weight. The pots were filled with 1 kg of gravel for drainage and 4.6 kg of dry soil, and were covered with a black plastic film to avoid water evaporation from the soil surface. All lateral shoots were removed throughout the experiment. Maximal leaf length and maximal leaf width, leaf area and leaf plastochron index were determined during the experiment. Leaf plastochron index was calculated using the scheme of Schultz and Matthews (1988) , which accounted for the total number of leaves longer than 30 mm, leaf rank counting acropetally, and the length of the leaf in question. Root length density, root length area and mean root diameter were determined on five well-watered plants before the experiment following the procedure of Bouma et al. (2000) . Detail descriptions of the experimental setups and measurements were provided in Peccoux et al., 2018 . Environmental conditions over the entire experimental period are shown in Supplementary Data Fig. S4 .
Plant responses during a drying cycle
One week before the beginning of the drying cycle, the plants were irrigated to 100 % of soil water-holding the extended-FvCB module to recalculate the leaf temperature and the potential leaf net photosynthesis under the newly calculated leaf temperature. The effect of actual g s on actual net photosynthesis was taken into account by eqn (5). Intermediate variables influenced by certain environmental factors are marked with the same colour that represents that environmental variable. Note that as the water potential was calculated in sequence, all water potentials are influenced by soil water content and root properties [mean distance between neighbouring roots (d), root radius (r), root length per plant per surface area (L a , m m −2 )].
capacity every day. The irrigation was then stopped for 6 d (soil water content decreased to 0.012 ± 0.005 kg H 2 O kg soil -1 ). Twenty-five plants were selected. Whole plant transpiration was determined from the pot water loss (Marguerit et al., 2012) .
Leaf gas exchange, leaf water potential and [ABA] xyl were measured daily over the course of the drying cycle (Fig. S5 ). Leaf gas exchange was measured daily between 10:00 and 13:00 H during the drying cycle with a portable open-system infra-red gas exchange apparatus (GFS-3000, Heinz Walz GmbH, Effeltrich, Germany; see equipment settings in Method S3). y leaf was measured with a pressure chamber (SAM Précis 2000, Gradignan, France; Turner, 1988 ). An overpressure of 0.4 MPa was applied to the leaf after recording of y leaf to collect xylem sap. The abundance of ABA in xylem sap was assessed by liquid chromatography/mass spectrometry (Agilent 6410 Triple Quadrupole LC-MS/MS, Agilent Technologies Inc., Santa Clara, CA, USA) using a stable isotope dilution assay (Speirs et al., 2013) .
Photosynthetic light response curves were established on three well-watered plants using leaves with similar physiological age (leaf plastochron index 10 ± 2). Additional CO 2 response curves were obtained from Quereix et al. (2001) , where measurements were conducted on the same cultivar within a similar experimental setup.
Representation of plant architecture and radiation absorption by each leaf
The shape of an individual leaf blade was represented by a set of triangles adapted from a leaf shape function developed for cotton leaves (Gu et al., 2014) . Parameters for the leaf shape function were updated based on observed leaf length to width ratio, and the relationship between leaf area and leaf length on 'Cabernet Sauvignon'. Petioles, internodes and wood were represented by cylinders. Leaf length, width, petiole length and internode length along the stem were determined on fruiting cuttings of 'Cabernet Sauvignon' through destructive samples in 2015. The relative sizes of leaves, petioles and internodes along ranks were assumed to be the same in different experiments. The size of each leaf was multiplied by a factor to give the observed leaf area per vine recorded in different experiments. The declination angle between the petiole and internode, and the declination angle between leaf blade and petiole were measured by a protractor on intake plants before destructive sampling. The azimuth angle between consecutive leaves was set to 180° plus a random value between −20° and 20°.
Radiation absorption by each leaf was calculated through a ray tracer method provided by the GroIMP platform (Hemmerling et al., 2008) . For simplicity, only diffuse radiation was used to represent the light environment in the greenhouse. Diffuse radiation was approximated using an array of 72 directional surface light sources positioned regularly in a hemisphere in six circles with 12 light sources each (Supplementary Data Fig.  S3 , Evers et al., 2010; Zhu et al., 2015) . The intensity of the total radiation was input based on hourly records measured within the greenhouse (Campbell 21X, Campbell Scientific Inc., Loughborough, UK).
Model calibration and validation
The model was calibrated and verified in three steps. In the first, photosynthesis under well-watered conditions was calibrated based on the CO 2 response curve and light response curve. V c, max , J max and R d were first obtained from the CO 2 response curve by using the genetic algorithm of Su et al. (2009) . V c, max , J max and R d were linearly related to leaf nitrogen content (Prieto et al., 2012) . The slope of V c, max , J max and R d to leaf nitrogen content was calculated based on measured leaf nitrogen concentration, and was input into the following optimization for the light response curve. The conversion efficiency of incident photosynthetically active radiation (PAR) into electron transport at limiting light level ( k 2 LL ( ) , mol electrons mol −1 photons), convexity factor of the light response curve ( q, dimensionless) and leaf nitrogen content (N leaf , g m −2
, not determined in this experiment) were subsequently optimized using the light response curve. The criterion for this optimization was to maximize the sum of the log-likelihood of the simulated net photosynthesis given the observed photosynthesis. The optimization was done by using the Metropolis-Hastings algorithm in the random walk Markov chain Monte Carlo (MCMC) methods in R (Plummer et al., 2006; R Development Core Team, 2016) . This algorithm accepts a new parameter set only when the log-likelihood calculated based on the new parameter set is larger than the previous one. The value of each new parameter is randomly sampled around the value of the previous parameter based on a normal distribution with a given variation. The parameters that control the photosynthetic responses to temperature (activation and deactivation energy of both V c, max and J max , Table S1 ) were obtained from data on Vitis vinifera L. 'Semillon' reported by Greer and Weedon (2012) . A constant mesophyll conductance (g m , Table S1 ) obtained from data on 'Cabernet Sauvignon' (Tomás et al., 2014) was used in the extended-FvCB module. The slope of V c, max , J max and R d to leaf nitrogen content, and leaf nitrogen contents were kept the same for leaves at different positions of the canopy.
In the second step, the effect of soil water deficiency on photosynthesis was implemented. First, the sensitivity of stomatal conductance to [ABA] xyl ( t g ABA s_ ) and to y leaf ( t y g s l eaf _ , eqn 3) was estimated based on the observed stomatal conductance, leaf water potential and [ABA] xyl during the soil drying cycle. The estimation was done by maximizing the sum of the log-likelihood of the simulated stomatal conductance (eqn 3) given the observed values. Second, to evaluate the performance of the extended-FvCB module under water stress, the observed stomatal conductance as well as the estimated stomatal conductance calculated via eqn (3) were input into eqn (5) to calculate the actual net photosynthesis. The potential g s and potential net photosynthesis in eqn (5) were determined by the extended-FvCB module with chamber climate condition during the photosynthesis measurements as input.
In the third step, ABA synthesis rate (eqn S16 parameter a) and the sensitivity of root conductance to whole plant water flux (eqn S18, t root transp , ) were optimized using the whole plant transpiration data recorded during the drying cycle. The criterion for the optimization was to maximize the sum of the log-likelihood of the simulated whole plant water flux given the observed values. Optimization for the whole plant water flux was done at the computing facilities MCIA (Mésocentre de Calcul Intensif Aquitain, on the cluster AVAKAS) of the University of Bordeaux due to the large computation time required for running the whole plant model and the MetropolisHastings optimization algorithm.
The model was validated under both well-watered and waterstressed conditions with a separate data set which contains leaf area, whole plant water flux, soil water content, radiation, VPD and temperature. The experiment was done in 2012 in the same greenhouse with similar experimental setups. Within this experiment, soil water content was maintained within a certain range for both well-watered (around 0.28 kg H 2 O kg soil -1 ) and water-stressed (around 0.16 kg H 2 O kg soil -1 ) conditions. Environmental conditions of the validation data are shown in Supplementary Data Fig. S6 .
Sensitivity analysis
A sensitivity analysis was conducted to assess the changes in plant water flux, midday leaf water potential, photosynthesis and stomatal conductance at different soil water potentials in relation to changes in L root (by changing the sensitivity of L root to plant water flux rate, t root, transp ), t g , ABA s and t g ,
y . This sensitivity analysis was done to allow comparison with a new theoretical framework that describes plant responses to drying soil based on the quasi-linear relationship between midday and predawn leaf water potentials as described by Martinez-Vilalta et al. (2014) . The intercept of the relationship (Λ) characterizes the maximal transpiration rate per unit of hydraulic transport capacity, whereas the slope (σ) measures the relative sensitivity of plant transpiration rate and hydraulic conductance to declining soil water availability. A value of σ between 0 and 1 implies that the reduction of transpiration is more rapid than that of hydraulic conductance, whereas σ > 1 implies that the reduction of transpiration is slower than that of hydraulic conductance. The derivation of this relationship and interpretation of the intercept and slope are provided in eqns (S25)-(S28), adapted from Martinez-Vilalta et al. (2014) , T a = 30 °C, VPD = 2 kPa, CO 2 = 400 ppm).
A further sensitivity analysis was conducted to test the responses of stomatal conductance, net photosynthesis and plant water flux to T a , CO 2 , soil water potential ( y soil ) and their interactions (Supplementary Data Method S5 and Figs S7-S10).
All simulations were made with an infinite canopy, which removes the border effects, although only nine plants were described in a scene. The nine plants were configured in three rows with three plants in each row. Row distance was set to 0.8 m, and plant distance was set to 0.3 m based on the row settings in the greenhouse. The mean summed leaf area of a single plant in the soil drying cycle experiment was 0.12 m 2 (18 leaves per plant). The mean of the nine plants was used in the calculation and optimization.
An infinite canopy was formed by virtually replicating a periodic canopy from a finite set of plants -the initial/base scenemultiple times in the plain (Chelle et al., 1998) . When a light ray exits the base scene at one side it will enter a copy of the same scene on the other side. In this way a scene was shading a copy of itself. Detail simulation setups are provided in Method S6.
RESULTS
Calibration and verification of the extended-FvCB module
The extended-FvCB module well reproduced the net photosynthesis rate at different levels of CO 2 and light intensity on wellwatered plants after calibration (Fig. 3A, B) . The calibrated extended-FvCB module was further tested for its performance under water stress with g sw as an input (eqn 5 and Fig. 3C ). With the observed g sw as an input, eqn (5) captured the variations in the observed net photosynthesis (slope = 1.10, R 2 = 0.91), demonstrating that the extened-FvCB module was able to correctly simulate net photosynthesis even under water stress. 
Calibration and verification of the coupled extended-FvCB module and Tardieu-Davies module
The coupling of the extended-FvCB module and Tardieu Fig. 4A, B) . Soil water supply started to limit plant water flux approximately after 48 h of water withholding, and the gap between potential and observed water flux gradually increased during the soil drying period (Fig. 4A) . The model captured the commonly observed diurnal changes in leaf water potential and the steady decline of midday leaf water potential within the soil drying period (Fig. 4C) . The model slightly underestimated leaf water potential (slope = 0.93, Fig. 4D ). The simulated [ABA] xyl increased steadily as the soil gradually dried (Fig. 4E) . The simulated [ABA] xyl under dry conditions was lower than the mean of the observed values, but there was a large variation in the observed [ABA] xyl . The simulated root conductance tightly followed the pattern of plant transpiration (Fig. S12 ).
Spatial and temporal variability of leaf-level simulations within the drying cycle
The calibrated coupled model was used to verify its performance for the within-canopy variations during the drying cycle (Fig. 5, Fig. S1 ). A gradient in absorbed PAR within the canopy was reflected by the model simulation, with the top leaves (leaves 16 and 11) showing higher values than the bottom leaves (leaves 6 and 1, Fig. 1A and 5A ) under our experimental conditions. Net photosynthesis, actual transpiration and stomatal conductance showed a similar gradient across different leaf positions to the absorbed PAR ( Figs ) as the soil gradually dried, although the absorbed PAR did not show large differences during the first 4 d of the dying cycle (Fig. 5) .
Model validation
The model was validated with a separate data set by comparing the hourly water flux rate under both well-watered and water-stressed conditions. By inputting the environmental conditions and leaf nitrogen content of the validation data set, the model captured 86 % of the variation in observed transpiration under the well-watered condition and 77 % of the variation under water stress (Fig. 6) . The model correctly predicted the diurnal transpiration pattern and the time of the peak under both well-watered and water-stressed conditions, although with some under-estimation for plant transpiration. Plant water flux decreased rapidly as the soil gradually dried and slowed down when y soil was more negative than −1.0 MPa (Fig. 7) . Plant water flux was insensitive to changes in the sensitivity of root conductance to the rate of water flux ( t root, transp ) at both low (2.4 mg s -1 , Fig. 7A ) and high (6.0 mg s -1 Fig. 7D ) evaporative demand, although moderate differences in plant water flux were found when y soil was between −0.3 and −0.8 MPa. Similar trends were also found when changing the sensitivity of leaf conductance to the rate of leaf transpiration ( t leaf, transp , Supplementary  Data Fig. S13 Fig. 7 ) resulted in a rapid reduction in water flux as the soil gradually dried, and reached a stage when water flux was largely controlled by residual stomatal conductance much earlier than when the sensitivity of stomatal conductance to [ABA] xyl and y leaf were low (purple points and lines). Similar trends were also confirmed on photosynthesis and stomatal conductance (Figs S14 and S15).
Simulated midday y leaf was linearly related to y soil when y soil >= -1 2 . MPa for a large range of tested parameter values (Fig. 8) . For the default parameter set, the intercept (midday y leaf when y soil = 0 ) was ~−0.42 MPa and the slope was ~1.11 under low evaporative demand, and the intercept was ~−0.57 MPa and the slope was ~1.33 under high evaporative demand (only for the range y soil ≥ −1.2 MPa). The decrease in root conductance, induced by t root, transp , resulted in more negative intercepts and smaller slopes under both low and high evaporative demands (Fig. 8A, D) . A nearly constant midday y leaf phase (0 ≤ y soil ≤ −0.6 MPa) resulted when t root, transp was reduced to 10 % of the default value under high evaporative demand (purple points and line in Fig. 8D ). Differences in midday y leaf induced by varying t root, transp gradually diminished as the soil progressively dried and crossed the 1:1 line (Fig. 8) when the water flux became zero (Fig. 7) .
In contrast to the effects of changes in root hydraulic conductance on midday y leaf (namely larger effects at well-watered conditions and diminished effects as the soil dried), an opposite effect was found for changes in t g , ABA s , and t g , 
DISCUSSION
Response of residual stomatal conductance to plant water status
GrapevineXL incorporated the percentage loss of hydraulic conductivity ( f PLC ) in both the calculation of leaf conductance ( k leaf, i ) and residual stomatal conductance ( g 0 ). The value of g 0 was assumed to be constant in both the calculation of the extended-FvCB module (eqn 1) and the Tardieu-Davies module (eqn 3). The model simulations here revealed that a constant g 0 resulted in large, artefactual drops in y leaf under severe water stress even when stomata aperture was largely closed (Supplementary Data Figs S16 and S17). For example, when using a constant g 0 , midday y leaf decreased to −7 MPa when y soil was −2.0 MPa under high evaporative demand (Figs S16 and S17). Thus, to avoid unrealistic y leaf , it is essential to include the effect of water status on g 0 . Increasing efforts have been made to investigating the nocturnal stomatal conductance measured in the night where A net ≤ 0 (Zeppel et al., 2012) , similar to residual stomatal conductance defined as the stomatal conductance at the light compensation point when A net = 0. Coupel- Ledru et al. (2016) suggested that nocturnal stomatal conductance may be important in breeding for high water-use efficiency grapevine genotypes. They found night-time transpiration can be reduced without altering growth on some genotypes obtained from a cross between Vitis vinifera 'Syrah' and 'Grenache'. In addition, nocturnal stomatal conductance varied significantly between species and under different VPD and soil water potential (Cavender-Bares et al., 2007; Zeppel et al., 2012; Ogle et al., 2012) , and contributed significantly to the low y leaf in Vitis vinifera 'Semillon' during warm and dry nights (Rogiers et al., 2009) .
The definition of nocturnal stomatal conductance and residual stomatal conductance may differ in the literature, although both were related to the period when A net ≤ 0. Residual stomata conductance has normally been defined in one of two ways: (1) as a 'fitted' parameter -an extrapolated intercept between g s and A net (Ball et al., 1987; Barnard and Bauerle, 2013) ; and (2) as the value of g s at light compensation point A net ≤ 0 (Barbour and Buckley, 2007; Evers et al., 2010; Prieto et al., 2012) . Barnard and Bauerle (2013) found that the observed stomatal conductance when A net ≤ 0, measured under dark conditions ~1 h after nightfall, was always larger than the extrapolated intercept between g s and A net , probably because the relationship between g s and A net becomes non-linear or asymptotic at low light levels.
To date, our understanding of the physiological mechanisms regulating g 0 and nocturnal stomatal conductance is incomplete (Dawson et al., 2007; Ogle et al., 2012) . The regulation of g 0 and nocturnal stomatal conductance probably involves genetic differences, circadian rhythm, nutrient avaliability, stomatal density and f PLC (Caird et al., 2007; Dawson et al., 2007) . The function between g 0 and f PLC that we applied was emperical and represented f PLC as a function of leaf water potential (Hochberg et al., 2016) . The result was that GrapevineXL generated a reduction in stomatal conductance with decreasing y soil in line with experimental observations (Ogle et al., 2012) . To our knowledge, the relationship between g 0 and f PLC implemented in the model represents the first attempt in incorporating the effects of water status on g 0 in a stomatal conductance model. Nevertheless, further efforts are needed to quantify the evolution of g 0 with decreasing y leaf .
Model robustness
GrapevineXL provided good predictions of the effects of simultaneous changes in R a , T a , CO 2 , VPD and soil water content on leaf gas exchange and on plant water status (Figs 4-8, Supporting Data Figs S7-S10) . Consequently, the model was able to dissect the relative contributions of atmospheric factors and soil water status on water fluxes. For instance, the model discriminated that the reduction in water flux at the third day after withholding water was essentially due to a decrease in soil water content, while the reduction at the fourth day after withholding water was due mutually to the decreases of transpiration demand and soil water content (Fig. 4) . The simulated temperature response curve of photosynthesis (Fig. S8) was consistent with observations on grapevine and other C 3 species, where maximum photosynthesis rates were observed at leaf temperatures of 27-32 °C and the optimum temperature increased with increasing CO 2 concentration at saturated light conditions (Zufferey et al., 2000; Wise et al., 2004; Greer and Weedon, 2012) . The emerging relationship between stomatal conductance and soil water potential (exponential decay, Fig. S7 ) agreed with field observations (Williams and Araujo, 2002; Zufferey et al., 2011; Williams et al., 2012; Pagay et al., 2015) , and empirical functions (e.g. negative exponential or linear) implemented in stomata models (Jarvis, 1976; Macfarlane et al., 2004; Misson et al., 2004) . The emerging relationship between root conductance per unit of root dry mass (mg s −1 MPa −1 g −1 root, root conductance divided by root biomass ~15 g in our experiment) and mean leaf transpiration rate (mmol m −2 s −1 , plant water flux times leaf area 0.12 m 2 divided by molar mass of water 18) was comparable to those of Vandeleur et al. (2009 Vandeleur et al. ( , 2014 for grapevine root conductance. The slope of this relationship was 0.439 in our simulation for the soil drying cycle (Fig. 4 and Supplementary Data Fig. S12 ), including all the effects of transpiration, circadian rhythm and [ABA] xyl , which was similar to the value (0.48) in Vandeleur et al. (2009) but slightly smaller than the value (0.715) in Vandeleur et al. (2014) .
Exploring plant water use strategies via modelling
Plant water use strategies are generally divided into two groups: isohydric and anisohydric (Bates and Hall, 1981) . Isohydric species adjust their stomatal conductance tightly in order to maintain a relatively stable midday y leaf as environmental conditions change. By contrast, anisohydric species have a less sensitive stomatal control, maintaining higher stomatal conductance even with significant decreases in y leaf . Although these contrasting types of regulation have been observed in various species, the underlying mechanisms are still poorly understood (Buckley, 2005 (Buckley, , 2016 Maurel et al., 2016) and the delimitation between an isohydric and anisohydric species can be difficult to discern (e.g. Chaves et al., 2010; Collins et al., 2010; Rogiers et al., 2012; Zhang et al., 2012; Bota et al., 2016) .
Recently, Martinez-Vilalta et al. (2014) developed a framework for dissecting isohydric and anisohydric strategies, based on the relationship between midday and predawn leaf water potentials (assumed as a linear relationship). The slope of the relationship (σ) measures the relative sensitivity of the transpiration rate and plant hydraulic conductance to declining water availability (see 'Sensitivity analysis'). A strict isohydric behaviour would be represented by σ = 0 and increasingly anisohydric behaviour as σ moves closer to 1.
Based on this framework, an in silico analysis using GrapevineXL was conducted. The model was able to reproduce the two different water use strategies through changes in hydraulic conductance and stomata sensitivity to [ABA] xyl and y leaf (Fig. 8) . Reduction in hydraulic conductance decreased σ by inducing a more negative intercept, while reduction in stomata sensitivity to [ABA] xyl and y leaf (small absolute value) increased σ with the intercept remaining the same. Interestingly, the model simulations were not able to reproduce more extreme isohydric behaviours with high stomata sensitivity to [ABA] xyl and y leaf alone. These would need to be paired with a relatively low hydraulic conductance, which was associated with ). The colour gradient from purple to red represents increasing absolute value of the tested parameters, 10-210 % of the default value (median value in the legend). One extra simulation (dark red points and lines), 10 times the default value was added for both t g , ABA s and t g , s l eaf y .
a more negative intercept (Fig. 8) , or a higher vulnerability to embolism, which reduced g 0 and helped in closing stomata completely (Figs 7 and 8) . This suggested that hydraulic conductance was a critical parameter when considering the mechanisms driving these contrasting behaviours. This was consistent with Schultz (2003) , who hypothesized that differences in hydraulic conductance contributed to the different behaviours of 'Grenache' (isohydric) and 'Syrah' (anisohydric) under water deficit. Equally, Vandeleur et al. (2009 Vandeleur et al. ( , 2014 showed that plant anisohydric behaviour was related to enhanced aquaporin expression and activity in roots and shoots, which increased whole plant hydraulic conductance, thereby buffering water potential and favouring open stomata.
Potential limitations of this study
The simulated plant water flux and stomatal conductance were insensitive to changes in the hydraulic conductance of roots and leaves under well-watered conditions although y leaf responds correspondingly (Figs 7 and 8) . This was probably due to the interaction between [ABA] xyl and y leaf presented in eqn (3). Mathematically in eqn (3), when [ABA] xyl remains at a low concentration under well-water conditions even large water potential drops can induce only a small reduction in stomatal conductance. This was consistent with the findings that stomata can stay open under high temperature (Greer and Weedon, 2012) and VPD conditions in irrigated field grown grapevine, even when leaf water potential was below −1.0 MPa (Soar et al., 2006) .
Recent studies found that y leaf can induce ABA synthesis within the leaf and cause stomatal closure (McAdam and Brodribb, 2015; McAdam et al., 2016; Buckley, 2016) . This was supported by Rodriguez-Dominguez et al. (2016) , who found that leaf turgor (positively related to y leaf ) can explain most stomatal responses under moderate drought in three woody species. However, Speirs et al. (2013) provided evidence that ABA synthesized in the roots played a key role in linking stomatal response to soil moisture status. It is plausible that the sources of ABA that causes stomatal closure and the effects of ABA on stomatal conductance may differ between species. A simulation trial was conducted by removing the effect of ABA in the calculation of g s (eqn 3) and determining g s with y leaf alone. The result showed that simulated plant water flux and stomatal conductance became sensitive to changes in root hydraulic conductance (Supplementary Data Fig. S18 ). The linear relationship between midday y leaf and y soil was preserved in this simulation trial, and water flux reduced correspondingly with decreases in y leaf . However, this simulation trial was not able to capture isohydric behaviour (i.e. decreasing g s with a constant y leaf ) as g s is determined by y leaf alone. Further investigations are needed to understand the sources of ABA in the leaf and how it interacts with y leaf in closing stomata (Buckley, 2005 (Buckley, , 2017 Lovisolo et al., 2010) . Plant water capacitance was not included in this model due to its small contribution to transpiration in grapevine (2-6.5 % of transpiration at midday, Schultz, 2003) and in order to keep the algorithm simple and robust. Including plant water capacitance, which was dynamically changing over the day, would make the water influx into the roots different from the water outflow from the leaves, and thus increased the difficulty for estimating water flux under dynamic environmental conditions. Similarly in Tardieu et al. (2015) , water flux into the roots was assumed to be equal to water outflow from the leaves although the equations describing the effect of plant water capacitance on leaf water potential were included in the model.
Potential applications and perspectives
Quantifying the response of plant water status to the environment and its effects on carbon acquisition are essential in understanding plant performance under drought conditions. Such quantification can provide insights into the interaction among carbon metabolism, plant hydraulics and the regulation of plant water status, which are critical for cell function and avoiding hydraulic failure (Nardini et al., 2001; Franks, 2006 ). Our quantitative model provides a foundation for simultaneously integrating various mechanisms that regulate photosynthesis and water status at the organ and even cell levels while scaling up to the plant or field level.
Furthermore, as water deficits uncouple growth from photosynthesis and modify the relationships between carbon and growth in sink organs (Muller et al., 2011 ), a plant model that includes water status in simulating growth will perform better than carbon-based plant growth models in identifying the traits that limit plant performance under drought (Parent and Tardieu, 2014) . For example, one can potentially leverage parameters that quantify the effects of plant hydraulic properties and stomatal responses to [ABA] xyl and y leaf on water fluxes under various environmental conditions, in revealing differences within genetic populations (Tardieu, 2003 (Tardieu, , 2012 . This information can be further used by breeders for selecting specific plant traits that are well adapted for particular environments.
Including water status in plant models is also essential for simulating fruit quality, which is largely dependent on sugar and water transport (Fishman and Génard, 1998) . Several attempts have been made in tomato and peach to simulate the effects of crop load, temperature, VPD and radiation intensity on fruit growth with xylem water potential being estimated from continuous stem diameter measurements (De Swaef et al., 2014; Hannssens et al., 2015) . Our model provides a basis for future modelling of the physiology, growth and ripening of individual fruits. In the future, GrapevineXL can be linked with leaf and fruit growth modules, which incorporate the effects of water status on growth, to simulate carbon and water influx to individual leaves and fruits under various environmental conditions. Such a model can provide insights into canopy management and irrigation strategies to optimize fruit yield and quality. SUPPLEMENTARY DATA Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Table S1 . List of the main parameters used in the model, their values and units. Video S1. Diurnal dynamics of leaf transpiration during a soil drying cycle. Method S1. Equations for the extended-FvCB module. Method S2. Equations for the Tardieu-Davies module. Method S3. Leaf gas exchange determination. Method S4. Equations for the theorectial framework for descriping the plant responses to drying soil as developed by Martinez-Vilalta et al. (2014) . Method S5. Sensitivity of model performance to T a , CO 2 , y soil and their interactions. Method S6. Setup of the model simulation. Fig. S1 . Comparison of the simulated canopy leaf temperature and canopy thermal picture. Fig. S2 . Relationships between soil water potential, soil water content, and soil hydraulic conductivity and the resistance from soil to root surface. Fig. S3 . Illustration of the arrangement of diffuse radiation in a virtual hemisphere. Fig. S4 . Environmental conditions during the drying cycle. Fig. S5 . Observations during the drying cycle. Fig. S6 . The environmental conditions of the experiment used for model validation. Fig. S7 . Response of stomata conductance to temperature, CO 2 , soil water potential and their interactions. Fig. S8 . Response of net photosynthesis to temperature, CO 2 , soil water potential and their interactions. Fig. S9 . Response of plant water flux to temperature, CO 2 , soil water potential and their interactions. Fig. S10 . Effect of vapour pressure deficit on leaf gas exchange under two different temperatures and radiations. Fig. S11 . Verification of the stomata conductance calculated from [ABA] xyl and y leaf . Fig. S12 . The simulated diurnal changes of root conductance and xylem water potential within a soil drying cycle. Fig. S13 . The response of plant water flux at different soil water potentials to changes in leaf conductance as induced by t leaf, transp . Fig. S14 . Response of mean leaf net photosynthesis at different soil water potentials to changes in t root, transp , t g , ABA 
